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Fluorescence quenchingCombination of ﬂuorescence techniques and molecular docking was used to monitor interaction of Na,
K-ATPase and its large cytoplasmic loop connecting fourth and ﬁfth transmembrane helices (C45) with
ﬂuorone dyes (i.e. eosin Y, 5(6)-carboxyeosin, rose bengal, ﬂuorescein, and erythrosine B). Our data
suggested that there are at least two binding sites for all used ﬂuorone dyes, except of 5(6)-carboxyeosin.
The ﬁrst binding site is located on C45 loop, and it is sensitive to the presence of nucleotide. The other site
is located on the extracellular part of the enzyme, and it is sensitive to the presence of Na+ or K+ ions. The
molecular docking revealed that in the open conformation of C45 loop (which is obtained in the presence
of ATP) all used ﬂuorone dyes occupy position directly inside the ATP-binding pocket, while in the closed
conformation (i.e. in the absence of any ligand) they are located only near the ATP-binding site depending
on their different sizes. On the extracellular part of the protein, the molecular docking predicts two possible
binding sites with similar binding energy near Asp897(α) or Gln69(β). The former was identiﬁed as a part of
interaction site between α- and β-subunits, the latter is in contact with conserved FXYD sequence of the
γ-subunit. Our ﬁndings provide structural explanation for numerous older studies, which were performed
with ﬂuorone dyes before the high-resolution structures were known. Further, ﬂuorone dyes seem to be
good probes for monitoring of intersubunit interactions inﬂuenced by Na+ and K+ binding.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Na,K-ATPase (NKA, sodium pump, EC 3.6.3.9) is one of the most
important enzymes in animal cell metabolism. It is a member of the
P-type ATPase superfamily of active cation transport proteins. En-
zymes belonging to this protein family are found in all kingdoms of
life and pump speciﬁc ions through the biological membranes at the
expense of one ATP molecule per cycle [1–4].
The overall stoichiometry of NKA reaction is three Na+ ions
transported out of the cell and two K+ ions into the cell for each
ATP hydrolyzed [5]. Electrochemical gradient formed by this activeCA, sarco(endo)plasmic retic-
nd and third transmembrane
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ková).
l rights reserved.transport is essential for the excitability of muscle and nerve tissues.
Sodium ion gradient is essential for the maintenance and accumula-
tion of important nutrients, ions and neurotransmitters, reduction of
intracellular level of calcium, and regulation of cell volume and intra-
cellular pH [6,7]. Due to important NKA role in cell metabolism, this
pump has been linked to disorders displaying various degrees of sever-
ity. Neurodegenerative disorders are related tomutations in brain NKA,
such as the familial hemiplegic migraine type 2 [8] and the movement
disorder familial rapid-onset dystonia parkinsonism [9].
NKA reaction cycle is conveniently described by a model proposed
by Albers and Post [10,11], which describes two major conformation
states, E1 state with high afﬁnity for sodium and ATP, and E2 state
with high afﬁnity for potassium and low afﬁnity for ATP. It was de-
scribed that roughly 30% of ATP generated in cells metabolism is
used for functioning of NKA [12].
Recently, high-resolution crystal structure of NKA was published
[13,14]. NKA is characterized by the presence of two subunits. The
catalytic α-subunit contains the conserved sequences characteristic
for the P-type ATPase superfamily [3] and it is responsible for the
cation translocation as well as ATP hydrolysis. The α-subunit has
ten transmembrane helices and two longer cytoplasmic segments
that are organized into three well-separated domains; they form the
Fig 1. Chemical structure of ﬂuorone dyes.
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and the A or actuator domain [14]. The N and P domains are formed
by the C45 loop, the A domain is formed by the N-terminal tail and
the C23 loop [15].
The β-subunit is transmembrane glycoprotein consisting of a cyto-
plasmic N-terminal domain, a single membrane spanning segment,
and a larger extracellular carboxyl-terminal domain [16]. The pres-
ence of the β-subunit is of fundamental importance as it acts as a
speciﬁc chaperone assisting the correct membrane insertion of the
newly synthesized Na,K-ATPase and H,K-ATPase α-subunits and,
hence, in their structural and functional maturation [17]. In addition,
association of the β-subunit determines some of the intrinsic trans-
port properties of Na,K- and H,K-ATPases, it modulates cation sensi-
tivity of the pump [18].
The γ-subunit of Na,K-ATPase is a protein belonging to the FXYD
family. It is often associated with the αβ-complex as a third subunit
and regulates pumping activity. Transmembrane part of γ-subunit
has approximately 30 amino acids with mostly α-helical structure.
It was shown that extracellular part of γ-subunit containing con-
served FXYD sequence moves in between α- and β-subunits where
it may contact β-subunit [13].
Large cytoplasmic loop of NKA (C45 loop) is located between
fourth and ﬁfth transmembrane helices of its α-subunit and it forms
two of the three cytoplasmic domains. It represents approximately
40% of α-subunit mass. C45 loop contains four of the most highly con-
served P-type ATPase sequences, including the sequence D-K-T-G,
which contains an invariant aspartate residue (Asp369) that is phos-
phorylated by ATP as part of the catalytic mechanism of these proteins.
It was shown that the C45 loop can be isolated from the rest of the en-
zyme [19–21], retaining its structure [22], dynamic properties [21,23]
and ability to bind nucleotides [24–26], and it can be expressed with
(His)6-tag in bacterial cells [19]. Moreover, ﬂuorescence experiments,
which were performed in our lab, show that changes of isolated C45
loop conformation occurring due to the ATP- and Mg2+-binding are
the same as expected changes for this part of the entire enzyme during
the catalytic cycle [21,23].
Fluorone dyes are hydroxy-xanthene dyes (Fig. 1). The xanthene
dyes are among the oldest synthetic dyes and have many important
applications. Xanthene (ﬂuorone) dyes are often used as drug compo-
nents (virostatic drugs), laser dyes, in food industry for food coloring,
as photosensitizers in the photodynamic therapy of cancer or in med-
icine as a tool for diagnostic. These compounds, which include ﬂuo-
rescein, rose bengal, eosin Y, 5(6)-carboxyeosin, and erythrosine B,
have the same ring skeleton and absorb, in general, around 500 nm
depending on the different ring substituent [27].
Fluorescein and reactive derivatives of ﬂuorescein have been the
most widely used class of organic ﬂuorophores for labeling and bio-
molecular sensing due to their high absorption cross-sections, high
ﬂuorescence quantum yields, and their ability to attach to biomole-
cules [28]. In medicine, ﬂuorescein is used as an active drug compo-
nent in ﬂuorescein angiography.
Rose bengal (RB) is a water-soluble xanthene dye that is currently
used in opthalmology for the diagnosis of dry eyes. It is a potential
photosensitizer for photodynamic therapy of tumors due its high ab-
sorption coefﬁcient in the visible region of the spectrum and a ten-
dency to transfer electrons from its excited triplet state, producing
long-lived radicals [29].
Food colorant erythrosine B is a well-known carcinogen. It was
found that it is a non-speciﬁc inhibitor of a number of protein–protein
interactions within the tumor necrosis factor superfamily [30].
Eosin Y is considered as a reversible inhibitor of NKA, which is
competitive with ATP in the absence of K+ ions. Its ﬂuorescence be-
havior is very sensitive to conformation changes of this enzyme
[31]. It was described that the ﬂuorescence of eosin Y in the presence
of NKA is enhanced by Mg2+ [32], which is an important cofactor for
the enzyme activity.Based on the structure similarity with eosin Y, NKA is a possible
target for all of these described dyes. Moreover, NKA belongs to the
family of membrane proteins, which are in general extremely potent
drug targets. This role together with the fact, that NKA has prominent
position in the cell, renders it of most importance in cellular physiology.
In this work, intrinsic ﬂuorescence of these dyes was used in com-
bination of steady-state and time-resolved ﬂuorescence methods to
observe interactions with NKA. In order to get more detailed structur-
al information, we tested also the interaction with its isolated large
cytoplasmic loop (C45 loop).
2. Materials and methods
2.1. Materials
All solutions were made using deionized water and all re-
agents were of the highest purity commercially available: adeno-
sine 5′-triphosphate (ATP, Tris salt), magnesium chloride (MgCl2), rose
bengal sodium salt, erythrosine B, ﬂuorescein sodium salt, eosin Y,
disodium salt, disodium hydrogen ortophosphate (Na2HPO4), leupeptin,
pepstatin, phenymethylsulfonyl (PMSF) and adenosine 5′-triphosphatase
from cerebral cortex (NKA) were from Sigma. 5(6)-Carboxyeosin
was from MGT Inc. Tris[hydroxymethyl]aminomethane (Tris) was
from BioRad. Sodium chloride (NaCl) and potassium chloride (KCl)
were from Fluka. Isopropyl β-D-thiogalactoside (IPTG) was from
Roth and dithiothreitol (DTT) was from Serva.
100 μM stock solutions of rose bengal, erythrosine B, ﬂuorescein,
5(6)-carboxyeosin, and eosin Y were stored in the dark and 4 °C.
2.2. Expression and puriﬁcation of C45 loop of Na,K-ATPase α-subunit
The DNA coding C45 loop of the Na,K-ATPase transformed into
Rosetta Escherichia coli bacteria strain and were cultured at 37 °C to
OD600 of 0.8. Induction was carried out with 0.2 mM IPTG overnight
at 17 °C. Cells were centrifuged, resuspended in 20 mM Tris–HCl,
140 mM NaCl, pH 8.8 containing protease inhibitors (2 μg/ml leupeptin,
2 μg/ml pepstatin and 1 mM PMSF), disrupted by sonication and the
þTable 1
The maxima of excitation- and emission spectra of various ﬂuorone dyes free in solution
(λemF) and in the presence of Na,K-ATPase or C45 loop (λemB). The emission wavelength
λobs reﬂects the wavelength with the maximal ratio of ﬂuorescence intensities of the
bound- and free probes, and it was used in the titration experiments aimed at the deter-
mination of the dissociation constants. Na,K-ATPase, C45 loop: 5 μM,; dyes: 0.8 μM.
Dye λex (nm) λemF (nm) λemB (nm) λobs (nm)
Rose bengal 545 565 575 590
Erythrosine B 527 546 555 575
Eosin Y 515 536 544 560
Carboxyeosin 520 536 540 560
Fluorescein 490 512 512 512
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a (His)6-tag fusion protein; the (His)6-tag was attached to the
N-terminus. Puriﬁcation afﬁnity chromatography was performed
according to standard TALONMetal Afﬁnity Resin (Clontech) manufac-
turer protocol. The protein samples were eluted with 0.5 M imidazol
and were dialyzed against 1 l of 50 mM Tris–HCl, 140 mM NaCl,
pH 7.5 overnight at 4 °C. The purity of protein samples was veriﬁed
using 12% SDS-PAGE. Concentrations were estimated using the Brad-
ford assay [33].
2.3. Interaction of ﬂuorone dyes with NKA
Interactions of ﬂuorone dyes with NKA and its large cytoplasmic
loop (C45) were measured. Stock solutions of C12E8-solubilized NKA
and C45 loop were dissolved to the ﬁnal 2 μM concentration into
10 mM Tris–HCl buffer solution, pH 7.5, containing different concen-
trations of NaCl and KCl. The buffer referred to as NaCl-buffer
contained 140 mM NaCl and 20 mM KCl, in turn, buffer referred as
KCl-buffer contained 20 mM NaCl and 140 mM KCl.
Titration curves were made as follows. Fresh stock solutions of
ﬂuorone dyes (50 μM)were always titrated into 120 μl of buffer solu-
tion containing protein in 1 μl step, gently mixed and ﬂuorescence
emission intensity was measured. Final concentrations of ﬂuorone
dyes varied from 0.4 μM to 3.8 μM. Control curves with free ﬂuorone
dyes in solution were made in the same way, but in the absence of
protein.
2.4. Steady-state ﬂuorescence measurement
The steady-state ﬂuorescence excitation and emission spectra
were monitored on spectroﬂuorimeter F4500 (Hitachi, Japan). Data
were collected using an excitation wavelength of 516 nm for eosin
Y, 520 nm for 5(6)-carboxyeosin, 527 nm for erythrosine B, 548 nm
for rose bengal, and 490 nm for ﬂuorescein. Slits were set to 5 nm
for both the excitation and emission channels, respectively, scan speed
was 240 nm/min and the measurements were performed at 22 °C
(bath controlled).
2.5. Time-resolved ﬂuorescence measurement
Time-resolved ﬂuorescence experiments were measured using
time-correlated single-photon counting (TCSPC) method on the spec-
trometer PicoHarp300 (PicoQuant, Germany), using the pulsed diode
centered at 445 nm (PicoQuant, Germany). The pulse frequency was
10 MHz. The data were collected into the histogram spanning the
100 ns time-range with the 32 ps/channel resolution. Emission was
measured for eosin Y at 536 nm, for 5(6)-carboxyeosin at 540 nm,
for erythrosine B at 546 nm, and for rose bengal at 575 nm. All exper-
iments were carried out at 22 °C (bath controlled).
The experiment proceeded until 10,000 counts in the peak channel
were achieved. The instrument response function (IRF) was obtained
using water as a scatterer. The software FluoFit 4.2.1 (PicoQuant) was
used for ﬁtting. The model used was sum of exponentials with
instrument-response-function (IRF) deconvolution:
I tð Þ ¼ IRF⊗∑
i
ai  e−t=τi ;
and the intensity-weighted mean ﬂuorescence lifetime was calcu-
lated as
τM ¼
∑αiτ
2
i
αiτi
:
For all samples we were able to get a ﬁt with χR2 close to 1.00 and a
random distribution of residuals.2.6. Determination of dissociation constants from the steady-state
ﬂuorescence experiments
Increasing amounts of various ﬂuorone dyeswere added to theNaCl-
or KCl-buffer in the absence or presence of 2 μM NKA or C45 loop. Data
were collected on the spectroﬂuorometer F4500 (Hitachi, Japan) in the
mode of photometry. Slits were set to 5 nm for both excitation and
emission channels, integration time was 3 s and measurements were
performed at 22 °C. Excitation and emission wavelengths were ﬁxed
and differed according to the used dye. Data were collected using
excitation/emission wavelengths 525/560 nm for eosin Y, 520/540 nm
for 5(6)-carboxyeosin, 538/575 nm for erythrosine B, 564/590 nm for
rose bengal, and 490/512 nm for ﬂuorescein. The plot of the normalized
ﬂuorescence intensity F at the selected wavelengths on the dye concen-
tration in the presence of C45 loop was ﬁtted to the equation [25]:
F ¼ L½ T þ
γ−1
2
L½ T þ P½ T þ KD−
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L½ T þ P½ T þ KD
 2−4 L½ T P½ T
q 
where F* is normalized ﬂuorescence intensity of probe, [L]T and [P]T are
concentrations of ligand and protein, respectively, and γ is the ratio of
the ﬂuorescence responses of bound and free ligand. This formula repre-
sents a ﬁtting equation for experimental data from titration experiments
and thus for KD determination of single binding site, via non-linear
regression.
For the entire NKA, the plot of the normalized ﬂuorescence inten-
sity F at the selected wavelengths on the dye concentration in the
presence of NKA was ﬁtted to the equation [34]:
F ¼ FL L½  þ FM1LK1 M½  L½  þ FM2LK2 M½  L½  þ 2FML2K1K2 M½  L½ 
2
where [M] and [L] are concentrations of free enzyme and ligand, re-
spectively, FMiL denotes the molar ﬂuorescence values for each
bound ligand and FML2 is an average value for the two bound ligands,
and where
M½  ¼ M0½ 
1þ K1 L½  þ K2 L½  þ K1K2 L½ 2
and [L] is determined by solving a cubic equation:
L½ 3K1K2 þ L½ 2 2K1K2 M0½ −K1K2 L0½  þ K1 þ K2ð Þ
L½  1þ K1 þ K2ð Þ M0½ − L0½ ð Þf g− L0½  ¼ 0
where [M0] and [L0] are the total concentrations of the enzyme and
ligand, respectively. This formula represents a ﬁtting equation for ex-
perimental data from titration experiments and thus for the determina-
tion of association constants K1 and K2 for two non-identical and non-
interacting binding sites, via non-linear regression.
The correction of ﬂuorescence intensity on inner ﬁlter effect was
done before ﬁtting.
Table 2
Dissociation constants (KD; nM) for rose bengal, erythrosine B, 5(6)-carboxyeosin, and
eosin Y binding to Na,K-ATPase and C45 loop are expressed as mean±S.D. from ﬁve in-
dependent measurements. Values were obtained by ﬁtting the experimental data as
described in the Materials and methods. Final concentrations: Na,K-ATPase: 2 μM;
and C45 loop: 2 μM. For experiments with C45 loop NaCl-buffer was used. Excitation/
emission wavelengths: RB: 564/590; EY: 525/560; CE: 520/560; and ErB: 538/575.
Na,K-ATPase C45 loop
NaCl-buffer KCl-buffer
Rose bengal 190±50 130±10 50±10
Erythrosine B 310±40 330±70 80±10
Eosin Y 160±20 250±20 50±10
Carboxyeosin 1000±200 793±3 120±2
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quenching constants
The time-resolved ﬂuorescein, rose bengal, erythrosine B, 5(6)-
carboxyeosin, and eosin Y ﬂuorescence emission was monitored using
the pulsed diode centered at 445 nm and emission wavelengths of
512, 575, 546, 540, and 536 nm, respectively, in the absence or presence
of 2 μMNKA in NaCl-, KCl-, NaI-, and KI-buffers, where the iodide anion
served as a ﬂuorescence quencher. The buffer referred as NaI-buffer
contained 140 mM NaI and 20 mM KCl, in opposite, buffer referred as
KI-buffer contained 140 mM KI and 20 mM NaCl. Final concentration
of the dyeswas 1 μM. Formonitoring changes related to individual sub-
states of enzyme pumping cycle [10,11] 2.5 mMMgCl2, 2.5 mMATP, or
1.7 mM Pi was added. Quenching efﬁciency was determined using the
Stern–Volmer formula:
KSV ¼
τ0
τ −1
Q½ 
where τ0 and τ are the mean lifetime of ﬂuorescence in the absence
(NaCl- or KCl-buffers) and presence (NaI- or KI-buffers) of quencher, re-
spectively, [Q] is the concentration of quencher and Ksv is the apparent
Stern–Volmer quenching constant.
Accessibility of ﬂuorophor is proportional to the apparent bimo-
lecular quenching constant kq, which was determined using formula:
kq ¼ KSV=τ0:
2.8. Statistics
Presented values are mean±S.D. from 3 to 5 replicates. Statistical
signiﬁcance of differences was evaluated using the unpaired two-tailed
Student's t-test.
2.9. Homology modeling
Structure of complete human NKA was prepared with use of Mod-
eller 9.10 [35] with template structure of spiny dogﬁsh NKA (PDB ID:
2ZXE). Model structure of C45 loop was taken from Ref. [21]. Hydro-
gen atoms were added with AutoDock Tools program suite [36] and
Kollman charges were assigned.
2.10. Docking
AutoDock Tools program was used for the preparation of ligand
molecules. Ligands (eosin Y, erythrosine B, rose bengal, ﬂuorescein,
and 5(6)-carboxyeosin) were docked to both protein structures
using AutoDock Vina [37] with grid box covering the whole protein
in order to ﬁnd ligand binding poses without prior knowledge. To do
so, we have adjusted docking parameters deﬁning exhaustiveness of the
search to the maximum values (num_modes 9999 and exhaustiveness100). The blind docking resulted in several poses. Afterwards, the
obtained the positions have been redocked with smaller grid (cube with
size of 3 nm in each direction) around detected binding sites to reassure
the position and energetics (Table 4).
3. Results
First, we monitored changes in emission spectra of all dyes upon
their interaction with NKA (Fig. 2, and Table 1). It enabled selection
of the emission wavelength of maximal ﬂuorescence-intensity differ-
ence between the free and bound probes, and this wavelength was
used for subsequent titration experiments (Fig. 3). Notably, titration
curves in experiments with isolated C45 loop could have been satis-
factorily ﬁtted by the single-site model, while in experiments with
the entire NKA, the two-site model was necessary, except for 5(6)-
carboxyeosin, where a single-site model adequately described the
data.
The molecular docking identiﬁed on C45 loop a binding site near
the ATP-binding site for all dyes. Moreover, when the docking was
performed into the structure that C45 loop adopts in the presence
of ATP [21], the ﬂuorone dyes were bound directly into the ATP-
binding pocket. Another possible binding site was identiﬁed on the
P-domain in the pocket formed by segment Cys656-Ala684, however,
the binding energy was slightly lower (by ~3 kJ/mol) than for the for-
mer site. On the entire NKA, we found additional two binding sites
(with similar energies) on the extracellular part of the protein near
Asp897(α) and Gln69(β). These extracellular parts were not occupied
by 5(6)-carboxyeosin. The binding sites in the transmembrane domain
near Asp770(α) and Glu320(α) identiﬁed by in vacuo docking are un-
likely to be accessible in the real experiment due to the presence of
lipid or detergent molecules, and were not further considered.
Furthermore, the time-resolved experiments and quenching ex-
periments in the presence of various combinations of transmembrane
domain ligands (Na+ and K+, inducing so called E1 and E2 conforma-
tions, respectively) and cytoplasmic ligands (ATP, Pi and Mg2+) were
performed in an attempt to distinguish subtle NKA conformational
changes induced by binding of these ligands (Table 3 and Tables S1
and S2 in Suppl. Mat.). The results from spectroscopic experiments
for each dye are commented below.
3.1. Eosin Y
We observed an increase of ﬂuorescence intensity together with
spectral shift upon binding of eosin Y to NKA or C45 loop (Fig. 2, and
Table 1). The largest change in ﬂuorescence intensity was observed
for emission at 560 nm, and this emission wavelength was used in the
titration experiments. As mentioned above, the eosin Y binding to iso-
lated C45 loop could have been ﬁtted by a single site model yielding
the KD=50±10 nM (Table 2). In the case of binding to the entire
NKA, the second binding site was needed and the KD value for binding
to this site slightly varied between E1 and E2 states (160±20 nM in
the NaCl-buffer, and 250±20 nM in the KCl-buffer).
Two exponentials were necessary to ﬁt the ﬂuorescence decay of
free eosin Y with mean ﬂuorescence lifetime of 1.38±0.02 ns. Addi-
tion of NKA or C45 loop resulted in the necessity to use a three-
exponential model to ﬁt decays and signiﬁcantly increased the eosin
Y mean ﬂuorescence lifetime to ~2.1 ns and ~1.44 ns, respectively,
with little variations depending on the present ligands (Table 3 and
Table S1 in Suppl. Mat.). For NKA in the presence of ATP of Pi, the
eosin Y mean ﬂuorescence lifetime signiﬁcantly differed between E1
and E2 states.
Measurement of ﬂuorescence decay in the presence of iodide anions
was a further attempt to distinguish individual conformational sub-
states. The ﬂuorescence lifetime decreased in all cases, conﬁrming that
iodide serves as a dynamic ﬂuorescence quencher. Calculated apparent
bimolecular quenching constant is proportional to the steric accessibility
Table 3
Mean ﬂuorescence lifetimes τM (ns) of various ﬂuorone dyes in the presence of Na,K-ATPase, in various buffer solutions and in the presence of different substrate molecules are
expressed as mean±S.D. from three to ﬁve independent measurements. Final concentrations: RB, ErB, and EY: 1 μM; Na,K-ATPase: 2 μM; Mg2+: 2.5 mM; ATP: 2.5 mM; and Pi:
1.7 mM. λex: 445 nm; λem: RB: 575 nm, ErB: 546 nm, and CE, EY: 536 nm. Signiﬁcant differences of τM obtained in the presence of Na,K-ATPase compared with τM of the free
probe are shown as * for pb0.05 or ** for pb0.01, states of the protein-bound probes that were mutually signiﬁcantly different in the NaCl- and KCl buffers are denoted by #
(pb0.05).
Buffer Substrate RB ErB EY Fl CE
NaCl No substrate 0.81±0.06** 0.81±0.01** 2.05±0.01** 4.02±0.04 1.49±0.10*
+Mg2+ 0.84±0.04** 0.80±0.02** 2.04±0.06** 4.09±0.14 1.48±0.13
+ATP 0.82±0.01** 0.80±0.02** 2.05±0.02**# 4.01±0.01 1.30±0.10
+Pi 0.83±0.01* 0.79±0.01* 2.05±0.02**# 4.03±0.02 1.42±0.04*
+Mg2++ATP 0.83±0.04** 0.81±0.02** 2.04±0.02** 4.04±0.06 1.26±0.08
+Mg2++Pi 0.84±0.03** 0.82±0.04* 2.07±0.03** 4.04±0.05 1.44±0.05*
KCl No substrate 0.81±0.04** 0.79±0.07** 2.13±0.07** 4.01±0.02 1.49±0.01**
+Mg2+ 0.84±0.03** 0.81±0.07** 2.13±0.07** 4.00±0.02 1.61±0.14
+ATP 0.84±0.02** 0.80±0.02* 2.10±0.02**# 4.00±0.03 1.48±0.01**
+Pi 0.84±0.02** 0.80±0.06 2.09±0.03**# 3.99±0.02 1.50±0.01**
+Mg2++ATP 0.85±0.02** 0.83±0.04** 2.11±0.05** 3.99±0.02 1.50±0.00**
+Mg2++Pi 0.85±0.03** 0.80±0.05* 2.14±0.07** 4.01±0.03 1.51±0.01**
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(with all variants of ligands), the bimolecular quenching constant was
signiﬁcantly reduced compared to the case of free eosin Y, thus, con-
ﬁrming that the binding occurs. However, the sensitivity to conforma-
tional changes was rather little and we observed signiﬁcant difference
only between E1 and E2 states in the absence of any cytoplasmic ligand
(Mg2+, ATP or Pi).
3.2. 5(6)-Carboxyeosin
We observed a slight increase of ﬂuorescence intensity together
with spectral shift upon binding of 5(6)-carboxyeosin to NKA or C45
loop (not shown), and, again,we observed the largest change inﬂuores-
cence intensity at 560 nm. 5(6)-Carboxyeosin was the only dye, for
which the binding to the entireNKA could have been satisfactorily ﬁtted
by a single site model and KD value varied only slightly between E1 and
E2 states (1000±200 nM in the NaCl-buffer, and 793±3 nM in the
KCl-buffer).
Again, two exponentialswere necessary to ﬁt the ﬂuorescence decay
of free 5(6)-carboxyeosin with mean ﬂuorescence lifetime of 1.22±
0.05 ns. Presence of NKA or C45 loop increased the number of exponen-
tials necessary toﬁt the decays to threewithmeanﬂuorescence lifetime
of 1.49 ns (Table 3 and Table S1 in Suppl. Mat.). In E1 state, the mean
ﬂuorescence lifetime of 5(6)-carboxyeosin signiﬁcantly differed in the
presence of ATP (both in the presence or absence of Mg2+) from all
the other states. The quenching experiments provided no additional
information in this case.
3.3. Erythrosine B
As in the case of eosin Y, we observed an increase of erythrosine B
emission intensity together with red spectral shifts upon binding to
NKA or C45 loop (Fig. 2, and Table 1), and we found that the largest
change in ﬂuorescence intensity occurs at the emission wavelength
of 575 nm. The KD value for binding to C45 loop was 80±10 nM,Table 4
Binding energies (kJ/mol) calculated from molecular docking simulations for binding of ﬂuo
acronym for “none detected”.
Protein Na,K-ATPase C
c
Binding site Extracellular D897(á) Extracellular Q69(â) A
Eosin Y −38 −38 −
Carboxyeosin N.D. N.D. N
Erythrosine B −35 −36 −
Rose bengal −37 −36 −
Fluorescein −38 −38 −and for the second binding site on NKA in E1 and E2 states 310±40 nM
and 330±70 nM, respectively.
Again, two exponentials were necessary to ﬁt the ﬂuorescence de-
cays of free erythrosine B with a mean ﬂuorescence lifetime of 0.4±
0.1 ns, while in the presence of protein, three components were nec-
essary. In the case of NKA, the mean ﬂuorescence lifetime increased to
~0.8 ns, and was signiﬁcantly different from free probe under all con-
ditions. The τM increase in the presence of C45 was only to values
~0.5 ns, and statistically signiﬁcant difference from free probe was
observed only in the presence of Mg2+ or in NaCl buffer in the pres-
ence of ATP (Table S1 in Suppl. Mat.). For the entire NKA, we found
that erythrosine B ﬂuorescence was not sensitive to difference be-
tween E1 and E2 states, nor to the presence of any cytoplasmic ligand.
In quenching experiments, we observed a signiﬁcant difference in
the E1-state between kq values for conformation in the presence of
Mg2++Pi and conformation in the presence of Mg2+ only, and in
the E2-state between conformations without any cytoplasmic ligand
and conformation with Mg2+ (not shown).
3.4. Rose bengal
In the case of rose bengal, we observed the largest increase of ﬂuo-
rescence intensity and red spectral shift caused by the presence of
NKA or C45 loop (Fig. 2, and Table 1). The KD value for binding to C45
loop was 50±10 nM, and for the second binding site binding on NKA
in E1 and E2 states was 190±50 nM and 130±10 nM, respectively.
Three exponentials were needed to ﬁt the ﬂuorescence decay ki-
netic for both free- and protein-bound rose bengal. The mean ﬂuores-
cence lifetime increased from ~0.4 ns for the free probe to ~0.8 ns
after binding to NKA (Fig. 4) or to ~0.7 ns after binding to C45 loop,
the difference being statistically signiﬁcant in all cases (Table 3 and
Table S1 in Suppl. Mat.). Rose bengal was insensitive to the differ-
ences between E1 and E2 conformations, as well as to the presence
of cytoplasmic ligands, and neither quenching experiments brought
any new information.rone dyes to Na,K-ATPase and isolated C45 loop in closed- or open conformation. N.D. is
45 loop
losed/no ATP-like
C45 loop
open/ATP-binding-like
TP-binding site P domain ATP-binding site P domain
34 −33 −32 N.D.
.D. −24 −31 N.D.
30 −26 −31 N.D.
30 −28 −31 N.D.
38 −35 −36 N.D.
Fig. 2. Normalized ﬂuorescence emission spectra of various ﬂuorone dyes free in NaCl-buffer solution (solid line; 5 μM) and in the presence of C45 loop (dash line; Dye: 5 μM; C45
loop: 5 μM); λex: RB: 545 nm, ErB: 527 nm, EY: 515 nm, and Fl: 490 nm. Dot line represents ratio of ﬂuorescence intensity of the dye in the presence of protein to ﬂuorescence
intensity of the dye free in solution, maximum was selected as wavelength λobs. The same results were observed in the presence of NKA.
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The case of ﬂuorescein was very interesting. The molecular docking
predicted that it should be able to bind to both NKA and C45 loop.
However, none of the fundamental ﬂuorescence characteristics (i.e., ﬂuo-
rescence intensity, shape of spectra or ﬂuorescence lifetime) turned out
to be sensitive to the interaction with protein and it hindered us toFig. 3. Changes in normalized ﬂuorescence intensity of eosin Y upon binding to NKA or
C45 loop. Solid circles represent eosin Y free in NaCl-buffer solution, open squares rep-
resent eosin Y in the presence of C45 loop, and solid squares represent eosin Y in the
presence of Na,K-ATPase. Solid lines represent the best ﬁt to experimental data using
the single-site model for C45, the two-site model for NKA, and linear ﬁt to the free
probe titration. Final concentrations: NKA: 2 μM; C45 loop: 2 μM. λex: 525 nm, and
λem: 560 nm.determine the dissociation constants. The only experimental evidence
that the binding does occur, we got from the quenching experiments,
where we observed a signiﬁcant decrease of the apparent bimolecular
quenching constant in the presence of protein. In the presence of quench-
er, we observed also a signiﬁcant difference between E1 and E2 states
(Table S2 in Suppl. Mat.).
4. Discussion
NKA plays a central role in the metabolism of all animal cells,
maintaining the membrane potential and steep gradient of sodium
within the plasma membrane. Examined ﬂuorone dyes are involvedFig. 4. Fluorescence decay of 1 μM rose bengal free in NaCl-buffer solution (black line)
and in the presence of 2 μM NKA (dotted line). λex: 445 nm; λem: 575 nm.
Fig. 5. Molecular docking to NKA. Transmembrane region of alpha unit is shown in
gray, cytosolic A domain is shown in red, P domain in green, N domain in blue,
gamma subunit is shown in cyan and beta subunit is shown in light orange. Ligands
are colored as follows: ﬂuorescein in yellow, eosin Y in orange, erythrosine B in red,
rose bengal in magenta, and 5(6)-carboxyeosin in green. Five most strongly bound
poses for all ligands are shown in thicker sticks. Several possible binding poses have
been detected mostly in the extracellular part near residues D897 on alpha unit and
Q69 on beta unit and in the transmembrane region.
574 M. Havlíková et al. / Biochimica et Biophysica Acta 1828 (2013) 568–576in food as food-dyes, in medicaments as active species or markers in
diagnostic methods. They are also successfully used as photosensitizers
in photodynamic therapy of cancer. However, the observed interaction
with NKA with sub-micromolar dissociation constants presents a po-
tential health-risk, and it was already demonstrated that eosin Y can
inﬂuence its activity [38].
Our study demonstrated that the ﬂuorone dyes can be also useful
probes for the examination of the protein structure in solution.
Steady-state ﬂuorescence experiments showed that there is an increase
of emission intensity together with red-shift in the ﬂuorescence spectra
of eosin Y, 5(6)-carboxyeosin, erythrosine B and rose bengal in the pres-
ence of NKA or C45 loop. As suggested by the early paper of Martin [39],
such effect can be caused by intermolecular hydrogen bonding of these
dyes. The examination of ﬂuorescein interactionswas obstructed by the
fact that none of the fundamental ﬂuorescence characteristics of ﬂuo-
rescein altered after binding to the enzyme. However, “sensitization”
of binding by addition of quencher unambiguously revealed that also
ﬂuorescein does bind to the NKA.
4.1. Two binding sites
We found that there are at least two binding sites for eosin Y,
erythrosine B, rose Bengal, and ﬂuorescein. The ﬁrst binding site is
located on C45 loop; the other is located on the extracellular part of
the enzyme (Fig. 5). In the case of 5(6)-carboxyeosin, we found evi-
dence only for one binding site, and experiments with isolated C45
loop revealed that it is the one located in the cytoplasmic part of
the enzyme.
Existence of two binding sites provides a plausible structural expla-
nation for early observations of Skou and Esmann [31] who concluded
that eosin Y behaves like ATP-analog and has the same binding site,
which is located on N-domain, and also the ﬁnding of Ogan et al. [38]
that eosin Y is a mixed-type inhibitor. In general, mixed inhibition
means that both substrate (ATP) and eosin can be bound to the pump
and their binding is notmutually exclusive. Binding site on the extracel-
lular part of the enzyme could still enable eosin binding while nucleo-
tide binding site is occupied by ATP, and this view could explain eosin
action as a mixed-type inhibition. In other studies on P-type ATPases,
it was shown that eosin inhibits the plasma membrane Ca2+-pump
(PMCA) from red cells [42], smooth muscle [43] and seedlings of
Arabidopsis thaliana [44] and that eosin is not competitive with ATP
[42,43].
4.2. Cytoplasmic binding site
Recent works demonstrated that C45 loop adopts a closed confor-
mation in the absence of any ligand (E2-like), while in the presence of
ATP it has an open conformation (E1-like) [21,23]. The molecular
docking revealed that the ﬂuorone dyes occupy position directly in-
side the ATP-binding pocket in the open conformation, while in the
closed conformation they are located only near the ATP-binding site
(Fig. 6). This presents a strong support for the results of Esmann
and Fedosova [45] who showed that in the presence of Na+ and the
absence of K+ (i.e. in E1 conformation), binding of eosin and ATP to
NKA is mutually exclusive. In our time-resolved experiments, we
found that mean ﬂuorescence lifetime of eosin signiﬁcantly differed
in the presence of ATP, from the other states induced by the presence
of other ligands.
Asmentioned above, in the case of docking into closed conformation
of C45 loop, the dyes were not bound directly inside the ATP-binding
pocket, but only in its proximity. Position of all dyes was not identical
due to their different sizes, and the smallest ﬂuorescein was located
deeper toward the ATP-binding pocket than the other analogs. Our re-
sults also shed new light on the experiments of Karlish [40] and Tsuda
et al. [41], who labeled enzyme with ﬂuorescein isothiocyanate (FITC).
It was found that FITC preferentially bound to Lys501, which is locatedin the depth of the nucleotide-binding pocket, and it was proposed
that this selectivity is a consequence of extremely high reactivity of
Lys501 with isothiocyanate groups. It was also shown that sever-
al non-ﬂuorescein two-sites labels (crosslinkers) as dihydro-4,4′-
diisothicyanostilbene-2,2′-disulfonate (H2DIDS) and 4-acetamido-
4′-isothiocyanatostilbene-2,2′-disulfonic acid (SITS) label Lys501
and inhibit the NKA [46,47]. In addition to these observations, our
data suggest that the afﬁnity of ﬂuorone dye itself toward the
ATP-binding pocket is a signiﬁcant factor that increases probability
of reaction with Lys501 over other lysine residues. Electrostatic in-
teractions between positively charged ATP-binding pocket and neg-
atively charged ﬂuorone dyes probably play a key role.
Monitoring of another fundamental parameter, the kinetic of ﬂuores-
cence decay, enabled themonitoring of subtle conformational changes of
the enzyme. Recent experiments [21,23]with isolatedC45 loop suggested
that cytoplasmic ligands ATP and Mg2+ can bind to the enzyme during
two steps of the catalytic cycle, ATP-binding causes opening of the
Fig. 6. Molecular docking to C45 loop in closed and open conformations. P domain is shown in green, and N domain in blue. Ligands are colored as follows: ﬂuorescein in yellow,
eosin Y in orange, erythrosine B in red, rose bengal in magenta, and 5(6)-carboxyeosin in green. Most strongly bound poses for all ligands are shown in thicker sticks. ATP is shown
in black. Two possible binding poses have been detected in closed structure — near ATP binding site and on P domain, while only one predominant can be found in the case of open
structure in the ATP-binding pocket.
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again, and obviously these changes are likely to be reﬂected in the trans-
membrane domain. However, the abovementioned studies did not verify,
whether conformational changes observed for isolated C45 loop could be
observed also with the entire enzyme. Binding of eosin Y to the entire
enzyme was sensitive to differences between E1- and E2 conformations
just in the presence of ATP or Pi (without Mg2+). It revealed that the en-
zyme conformation in themagnesium-free states is different and provid-
ed a strong support for the abovementioned hypothesis.
4.3. Extracellular binding site(s)
Moreover, we found that ﬂuorone dyes can be a good marker of
Na+ or K+ binding to the binding sites in the transmembrane domain,
traditionally assigned to forcing the enzyme to adopt E1 or E2 confor-
mation, respectively.
Molecular docking predicted two possible extracellular binding
sites with roughly the same binding energy. One of them was located
near the Asp897 of the α-subunit, and this site was shown to be part
of the α/β-subunit interface [14]. The other possible site is located
near Gln69 of the β-subunit, which is in direct contact with the con-
served FXYD motif of the γ-subunit. At the moment, our data do not
allow us to distinguish, which of these two sites is preferentially occu-
pied by ﬂuorone dyes, but in any case, both of these sites are likely to
be very sensitive to the mutual movement of NKA subunits during the
E1↔E2 conformational transitions.
Fluorescein turned out to be the best ﬂuorone dye to sense the
E1↔E2 conformational transitions. The differences of ﬂuorescence
decays between E1 and E2were signiﬁcant for all combinations of cyto-
plasmic ligands, particularly, when the ﬂuorescence quencher iodidewas present in the buffer. Another dye enabling sensing of differences
between E1 and E2 states, independently on the presence of cytoplas-
mic ligands, was eosin Y. Although, it was proposed that eosin Y is not
optimal to monitor conformational changes in detergent-solubilized
Na,K-ATPase [48], monitoring of the kinetic of ﬂuorescence decay en-
abled us to observe these changes even in the presence of detergent.
However, simultaneous sensitivity of eosin Y to changes in both the cy-
toplasmic and extracellular parts is expected to be a complicating factor
in the interpretation of the spectroscopic data. Therefore, we consider
theﬂuorescein to be the bestﬂuorone dye to probe the E1–E2 transitions.
Note that 5(6)-carboxyeosin, which does not bind to the extracel-
lular site, was insensitive to the presence of NaCl- or KCl-buffer.
5. Conclusion
We found that all examined ﬂuorone dyes can bind to NKA with
sub-micromolar afﬁnity, and hence, their use in the medicine or
food industry presents potential health risk. We identiﬁed two bind-
ing sites, one of them being localized in the cytoplasmic part at the
ATP-binding pocket, the other on the extracellular domain. Existence
of two binding sites presents a plausible structural explanation for
previously observed mixed-type inhibition of eosin Y. Concerning their
use as the NKA conformation sensitive probes, erythrosine B and rose
bengal did not substantially reﬂect the presence of various NKA ligands,
and hence, they seem to be useless in this respect. In agreement with
Esmann's work, we conclude that the best probe for examination of the
ATP-binding site is 5(6)-carboxyeosin, because it is the only probe that
does not bind to the extracellular domain. The predicted two candidates
for the possible extracellular binding site are located on the sites of con-
tact between α/β- and β/γ-subunits and they can reﬂect the E1/E2
576 M. Havlíková et al. / Biochimica et Biophysica Acta 1828 (2013) 568–576conformational change. The most sensitive probe for this transition
turned out to be ﬂuorescein in the time-resolved experiment, particu-
larly, when the sensitivity was enhanced by the presence of collisional
ﬂuorescence quencher iodide. Eosin Y seems to be sensitive to both nu-
cleotide binding and E1/E2 transition, which however, may complicate
interpretation of the experimental data.
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